Protease activities were detected in quiescent and germinating spores of the ostrich fern (Matteuccia struthiopteris [L.1 Todaro). Peak endopeptidase, aminopeptidase, and carboxypeptidase activities were detected 12 to 24 hours after spores began imbibing under light. There was a correlation between activities of proteases, the onset of a decline in levels of soluble protein, and an increase in levels of free amino acids. The earliest visible event of spore germination, breakage of the spore coat and protrusion of a rhizoid cell, was observed after peak protease activity, 48 to 72 hours after the start of imbibition. Results of this study demonstrate similarities in the pattern of protease activities during germination of ostrich fern spores to those of some seeds.
Similarities exist between the storage reserve metabolism of seeds and fern spores. Both may contain reserves of protein, lipid, phytic acid, and sugars (1, 2, 8, 9, 23, 24) . Storage proteins are a storage source ofamino acids for de novo protein synthesis, and are presumed to sustain germination and early post-germinative growth (1) . Ordinarily, storage proteins are found in protein bodies and are hydrolyzed by concerted activity ofseveral classes of proteolytic enzymes, such as EPs3, APs, and CPs. Protease activity in germinating seeds has been studied extensively (14, 16, 21) , but the only class of protease identified in ferns are the APs (6, 12, 22) .
Details of protease activity during the processes of fern spore germination and early fern prothallial development are needed to understand how storage protein reserves of fern spores are catabolized. Since cellular concentrations of amino acids may be regulated by the activity of proteases (27) , knowledge about proteases may also lead to a better understanding of protein synthesis and protein turnover during fern spore germination and prothallial development. This study describes, the concerted activity of EPs, APs and CPs during fern spore germination, and correlates these activities with levels of soluble proteins, free amino acids, and with morphological stages of development. 3Abbreviations: AP, aminopeptidase; Bz, a-N-benzoyl, CBZ, carbobenzoxy; CP, carboxypeptidase; EP, endopeptidase; NEDD, (N-l-naphthyl)ethylene diamine dihydrochloride; NHNan, p-nitroanilide; NHNap, 2- (15) .
Soluble protein was determined from extracts of 100 mg of spores that were cultured and collected as described above. Bradford (4) . One unit of activity represents the quantity of enzyme necessary to produce an A595 equivalent to 10 ug BSAdye complex in min. The solution also was assayed for ninhydrin positive materials (26) .
For assays using the synthetic substrate, 0.1 ml aliquot of extract was mixed with 0.9 ml of Bz-Arg-NHNap (0.4 mg/ml dissolved in 0.2 M sodium phosphate buffer, pH 6.75) and incubated at 37°C for 15 min or 30 min. The reaction was terminated with 0.5 ml of 40% (w/v) TCA, and left at room temperature for 10 min. The 2-naphthylamine liberated from Bz-Arg-NHNap was diazotized to NEDD, and the colored dye was quantitated at 520 nm, using 2-naphthylamine as the standard (10) . One unit of enzyme activity is the quantity of enzyme necessary to hydrolyze gmol of substrate in 1 min at 37°C under conditions of the assay.
EP activity was labile, unlike AP and CP activity. It was not detected when PVP was omitted from the extraction medium. Once extracted, EP activity declined rapidly, and was completely lost in 6 d, whether stored at 4, -20 and -80°C, or as an 85% (NH4)2SO4 pellet.
Aminopeptidase Activity. Spores (1 g) that were cultured and collected as above were homogenized in 12.8 mm borate-barbital buffer, pH 7 (1 1). a-Aminoacyl NHNan substrates were solubilized in 1 ml of DMSO and diluted to 10 ml with 12.8 mM borate-barbital buffer (pH 7). The assay was performed by incubating 0.05 ml of extract with 1 ml of substrate at 37C. After 3.75 min the reaction was terminated by the addition of 0.25 ml of 20% (v/v) acetic acid. The solution was centrifuged at 1,000g for 15 min and the A410 was measured on a Gilford 2000 spectrophotometer. Activity was calculated using an experimentally derived molar absorbtivity for p-nitroanilineof E5174, which is appreciably lower than the corresponding value in aqueous solution (26) . One unit of activity is the quantity of enzyme required to hydrolyze 1 gmol of substrate in 1 min at 37°C under conditions of the assay.
Carboxypeptidase Activity. Three g of spores, cultured and collected as noted above, were homogenized in 25 mM citrate-50 mM Na2HPO4 buffer (pH 5). The spore extract was dialyzed overnight against CP homogenization buffer. A precipitate which formed overnight was removed by centrifugation. In a typical assay, 18.5 mg of CBZ-Phe-Ala was dissolved in 5 ml of DMSO, and diluted to 50 ml with 25 mm citrate-50 mM Na2HPO4 buffer (pH 7.4), containing 0.5 M NaCl. The reaction was initiated by the addition of 0.1 ml of the extract to 0.9 ml of CBZ-Phe-Ala solution which was equilibrated at 37°C. The reaction was terminated after 3 h with 0.1 ml of 20% (w/v) TCA, and 0.05 ml aliquots were assayed for free alanine (28 (Fig. 1) . By 144 h the fern prothalli had developed into two to three celled filaments. The developmental pattern described here is identical with prior descriptions of ostrich fern spore germination (9) . Other fern spores germinate in similar patterns, except that the timing often is different (17, 20) .
Protein and Free Amino Group Levels. Quiescent ostrich fern spores contained 21% protein by wet weight, of which 83% was TCA insoluble. Fifty-six percent of total protein (12% of the wet weight of the spores) was soluble in 0.2 M sodium phosphate buffer (pH 7.5). Ninhydrin positive material (presumably free amino acids) comprised 3% ofthe wet weight ofquiescent spores.
There was a decline-in levels ofsoluble protein and an increase in the levels of free amino acids as the spores imbibed, germinated, and the prothallial filaments began to elongate (Fig. 1 Spores were not supplied with exogenous N, thus storage proteins were the only major source of N during germination. The increase in free amino acids is best explained by the concerted action of EPs, APs, and CPs, which released short peptides and free amino acids from storage proteins into solution.
Endopeptidase Activity. EP activity, first detected in quiescent and germinating spores when Bz-Arg-NHNap was the substrate, was maximal when extraction and assays were done at pH 6.75. Bz-Arg-NHNan, Bz-Tyr-NHNap, Bz-Phe-NHNap were not hydrolyzed, despite their structural similarities to Bz-Arg-NHNap (see also Table I ). 
COHEN AND DEMAGGIO
A broad peak of EP activity against Bz-Arg-NHNap was observed between 6 and 48 h (Fig. 2) . By 72 h this activity had declined to 30% to 40% of the maximum value.
Since germinating spores could contain EPs which cannot hydrolyze Bz-Arg-NHNap, an endogenous spore protein was also used as substrate for in vitro assays. The endogenous protein used for assay has a polypeptide Mr of 14,500, but was not characterized further. However, in spores ofanother fern, Adiantum capillus-veneris, a Mr 14,400 polypeptide was identified as a prominent storage protein (18) . In initial experiments, the ostrich fern spore protein digest was assayed for an increase in soluble peptides by the dye-binding technique of Bradford (4), and for an increase in levels of ninhydrin positive material (28) , which measure principally large peptides, and the free amino groups of amino acids or small peptides, respectively. Levels of ninhydrin positive compounds did not increase appreciably even when enzyme-substrate incubation was extended to 6 h, indicating that few free amino groups were generated during digestion. However, increased levels of soluble dye-binding compounds were detected after 0.5 h of incubation. Consequently, the increase in dye-binding compounds was due principally to large soluble peptides, and not to free amino acids or small peptides.
EP activity toward the endogenous protein was present in quiescent spores, and maximum EP activity was detected between 6 and 24 h (Fig. 3) . Activity levels declined to 20 to 30% of maximum by 48 h, and then remained constant up to 144 h. In contrast to the results obtained with this native protein substrate, EP activity at 48 h toward Bz-Arg-NHNap remained high (Fig. 2) , indicative of multiple proteases of different specificities.
In vitro proteolysis of the endogenous protein demonstrates the presence of at least one EP capable of hydrolyzing native spore protein. Endogenous proteins have been used by others to help determine the function of an EP. Baumgartner and Chrispeels (3) utilized vicilin, the major storage protein ofmung beans, to determine the role of the predominant mung bean EP in the degradation of mung bean storage proteins during germination. In a similar manner, Dalling et al. (7) , utilizing purified RuBPCase, showed that chloroplasts contain EPs capable of regulating RuBPCase in situ.
Aminopeptidase Activity. AP activity in quiescent spores was assayed using different a-aminoacyl NHNans. Highest specific activity was obtained with Phe-NHNan. There was a positive correlation between the hydrolysis of a substrate (Table I) Figure 4 . AP levels in spores increased rapidly during < the first 12 h of imbibition, and then declined rapidly between 0.2 OF 12 and 72 h. When germination occurred, the level of total AP activity had declined to 50% of the maximum activity observed 0 at 12 h. After 144 h, total activity had declined to 35% of maximum activity and specific activity was equivalent to the specific activity in quiescent spores. Carboxypeptidase Activity. Preliminary experiments indicated that highest specific CP activity was detected when the pH of the p as subextraction medium was 5.0 and the pH of the assay was 4.6.
The time course of CP activity was determined from spore Wagner of the University of Nebraska/Lincoln for providing the laboratory and supplies required for the study of endopeptidase activity. imbibition through the stages of germination and early fern prothallial development (Fig. 5) . Levels of CP activity did not change for the first 12 h after the start of imbibition. After 12 h there was a sharp decline in total activity, with only 36% of the total activity remaining by 48 to 72 h, when most spores germinated. This decline in CP activity ended by 72 h, corresponding to the interval when soluble protein levels declined and free amino acids increased. A second peak in total CP activity was noted 96 to 120 h after the spores had been placed in water, representing a 49% increase from 72 h, but still much lower than the maximum total activity observed at 0 to 12 h. Specific activity at 96 to 120 h was 85% ofthe specific activity ofquiescent spores (Fig. 5) . 
